Helicobacter pylori is the principal cause of gastric cancer, the second leading cause of cancer mortality worldwide. However, H. pylori prevalence generally does not predict cancer incidence. To determine whether coevolution between host and pathogen influences disease risk, we examined the association between the severity of gastric lesions and patterns of genomic variation in matched human and H. pylori samples. Patients were recruited from two geographically distinct Colombian populations with significantly different incidences of gastric cancer, but virtually identical prevalence of H. pylori infection. All H. pylori isolates contained the genetic signatures of multiple ancestries, with an ancestral African cluster predominating in a low-risk, coastal population and a European cluster in a high-risk, mountain population. The human ancestry of the biopsied individuals also varied with geography, with mostly African ancestry in the coastal region (58%), and mostly Amerindian ancestry in the mountain region (67%). The interaction between the host and pathogen ancestries completely accounted for the difference in the severity of gastric lesions in the two regions of Colombia. In particular, African H. pylori ancestry was relatively benign in humans of African ancestry but was deleterious in individuals with substantial Amerindian ancestry. Thus, coevolution likely modulated disease risk, and the disruption of coevolved human and H. pylori genomes can explain the high incidence of gastric disease in the mountain population.
admixture | histopathology | inflammation | Latin America T he bacterium Helicobacter pylori colonizes the gastric mucosa of approximately half the world's population. Although all infected individuals develop gastric inflammation, only a small fraction (<1%) develop gastric adenocarcinoma, which accounts for 10% of total cancer-related mortality worldwide (1, 2) . The prevalence of H. pylori infection in a population generally does not predict the incidence of serious clinical sequelae, suggesting that host and pathogen genetic variation, as well as dietary and other environmental factors, play an important role (3) (4) (5) (6) . However, these factors analyzed in isolation have failed to provide adequate explanations for the variability in infection outcomes.
Since accompanying Homo sapiens out of Africa, H. pylori has evolved in concert with geographically defined human populations (7) . Both evolutionary theory and empirical comparisons predict that chronic pathogens with vertical or familial transmission, such as H. pylori, should become less virulent over time (8) (9) (10) . Indeed, most H. pylori infections are well tolerated by humans, leading only to low-grade inflammation in most adult carriers, while possibly conferring protection against asthma and some esophageal disorders (11) (12) (13) . However, H. pylori also can be transmitted horizontally, especially under poverty-associated conditions common in the developing world (14) . In such situations, infection with multiple strains may be more common than in developed countries (15) . Because H. pylori is known to be highly recombinogenic (16) , infection with multiple strains can lead to horizontal gene transfer of segments that have not coevolved with their hosts, disrupting the selection for reduced virulence (17) (18) (19) . Thus, in regions where humans are highly admixed, such as in South America, the human-H. pylori relationship may be less likely to reflect a coadapted, reducedvirulence complex.
In many parts of South and Central America, the incidence of gastric cancer is higher in mountainous areas than in coastal regions (20) . To explore whether this phenomenon can be explained by host and microbial genetic variation, we took advantage of a natural laboratory consisting of two Colombian communities that have virtually identical prevalence of H. pylori infection (∼90%) but extremely different incidence rates of gastric cancer. The reported gastric cancer incidence rate in the town of Tuquerres in the Andes Mountains (∼150 per 100,000) is ∼25 times higher) than that in the town of Tumaco only 200 km away on the coast (∼6 per 100,000) (21) . In addition, people
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Admixture analyses of H. pylori have been used to describe the evolutionary history of the bacteria in relation to human migrations (23) (24) (25) . In the present study, we extend these analyses to elucidate the role that admixture in both H. pylori and humans has played in gastric disease (i.e., histopathology scores) by explicitly assessing whether variation in the ancestries of both host and pathogen and their coevolution affect disease trajectories and risk.
Results
Examining host genetics in the mountain and coastal communities, we assessed whether the populations differed in ethnic composition (see Table S1 for demographic information on participants). Admixture analysis of high-density human genotypic data revealed a major African ancestral cluster in the coastal population (mean proportion of 0.58 ± 0.23; n = 122), with significant Amerindian (0.23 ± 0.13) and European (0.19 ± 0.13) ancestry ( Fig. 1 A and C) . In contrast, the mountain population was mostly Amerindian (0.67 ± 0.12; n = 120), with significant European (0.31 ± 0.11) and a negligible proportion of African ancestry (0.03 ± 0.02, Fig. 1 A and D) . Amerindian and European ancestry estimates had an approximately normal distribution in the mountain cohort (Shapiro-Wilk test, P > 0.37), whereas all coastal distributions were skewed (P < 0.001 for all tests). The lack of normality in the admixture proportions of coastal individuals is consistent with recent migrations and/or nonrandom mating. Principal components analysis (PCA) also was used to assess human ancestry and showed a pattern similar to the admixture analyses (Fig. S1) .
We found that the Colombian H. pylori strains are derived from four ancestral populations: Africa1 (AA1), European (AE1 and AE2), and East Asia (AEA) (Fig. 1 B, E, and F) . Although most isolates contained substantial fractions of both African and European ancestry, AA1 predominated on the coast, and AE2 predominated in the mountain region (see the legend of Fig. 1B for proportions). Consistent with replacement of ancestral Amerindian/East Asian H. pylori, we observed that the major ancestral cluster in the mountains is AE2, the cluster most common in southern Europe, not AEA, which would be expected in an Asia-derived human population. This observation indicates a recent transfer of H. pylori strains from Europeans to Amerindians postcolonization.
Both human and H. pylori ancestry data were available for 233 isolates ( Fig. 1 C-F) , and these isolates were tested for correlations between the human and H. pylori ancestries. We found that all pairwise Pearson correlations between proportions of host ancestry (African, European, or Amerindian) and AA1, AE1, and AE2 H. pylori ancestry were significant at the 0.0005 level, whereas those correlations with AEA were significant at the 0.041 level (Table 1 ). Spearman's ρ values yielded similar results (Table S2 ). The proportion of host African ancestry correlated positively with AA1 (r = 0.62; P < 0.0001) and negatively with AE2 (r = −0.59; P < 0.0001), consistent with vertical or familial transmission and coevolution. Host Amerindian ancestry correlated negatively with AA1 ancestry (r = −0.60), and positively with AE2 ancestry (r = 0.58; P < 0.0001 for both) (Fig. 2) .
We next evaluated the effect of human ancestry on gastric histopathology, scored on a continuous scale of increasing severity from 2 (gastritis) to 6 (cancer), according to Correa's Cascade model for progression toward the intestinal subtype of gastric cancer (26, 27) . For this analysis, we used generalized mixed linear models with data for participants 40 y of age and older (n = 121; Materials and Methods and Table S3 ). Within this older group (40-65 y), age was not significantly associated with disease severity (P = 0.58). Both Amerindian and European host ancestries were associated with more severe lesions (β = 1.16, P = 0.003; and β = 2.06, P = 0.002, respectively, where β can be interpreted as the expected increase in histopathology score as ancestry proportion increases from 0 to 1). In contrast, African host ancestry conferred protection (β = −1.11, P < 0.001). Area of residence also was associated with histopathology, with the mountain population exhibiting more advanced lesions (P = 0.007), but this association became nonsignificant when host genetic ancestry was considered, indicating that host ancestry, not location or altitude, was driving the discrepancy in disease severity. Consistent with this concept, the proportion of Amerindian host ancestry was associated with more severe lesions in the coastal population alone (β = 2.49, P = 0.017). Univariate ordinal regression on the discrete histopathology scores provided similar results, with severity of lesions increasing with European and Amerindian host ancestry and decreasing with African host ancestry (P values of 0.002, 0.002, and <0.001, respectively).
None of the four H. pylori ancestral clusters was associated with histopathology in univariate analyses of the entire cohort. However, in an analysis of the mountain cohort, the AA1 and AE2 clusters displayed highly significant but opposite effects. AA1 was associated with worse outcomes, and AE2 was associated with more favorable outcomes (β = 3.38, P = 0.002 and −3.42, P = 0.012, respectively). Ordinal regression on discrete histopathology scores confirmed these results (corresponding P values of 0.009 and 0.023 for AA1 and AE2, respectively). Because the mountain population had minimal host African ancestry, we asked whether AA1 increased severity of gastric lesions in all subjects with low host African ancestry, regardless of area of residence. Such a scenario could signify disrupted coadaptation. When we considered the 56 individuals with less than 17.6% African ancestry (the lowest decile of African host ancestry on the coast), we found that every person who carried H. pylori with >19.8% AA1 ancestry (n = 20) had lesions more severe than gastritis alone, irrespective of location (P < 0.001; Fig. 3 ).
Because AA1 was predictive of more serious disease in the subjects with low African ancestry, we tested whether there was an interaction between human and H. pylori ancestry that affected histopathology. Using a generalized multivariate mixed linear model, we found a significant interaction between host Amerindian ancestry and H. pylori AA1 ancestry (β = 5.08, P = 0.010). The lack of an effect of AA1 in the univariate model of the entire cohort thus was an artifact of its opposite effects in people of African vs. Amerindian ancestries. With the interaction term included in the model, human Amerindian ancestry and area of residence were no longer significant as independent factors (P = 0.62 and P = 0.89, respectively). H. pylori strains also were assessed for the presence or absence of cytotoxin-associated gene A (cagA), which encodes a secreted virulence factor with oncoprotein-like activities (Table S1 ) (28, 29) . The presence of cagA was a significant predictor of premalignant gastric pathology independent of all other variables in the model (β = 0.98; P = 0.001), but the interaction between human and H. pylori ancestry that affected histopathology was not impacted by presence or absence of cagA.
Discussion
Both the H. pylori and human genomes had high levels of admixture, but the ancestral proportions of each differed significantly by region. The mountain population had only a small amount of human African ancestry (∼3%) but a large proportion of AA1 H. pylori ancestry (∼20%). The largest proportion of H. pylori ancestry in the mountains was European. Some of the AA1 ancestry in the mountains may have originated from strains once carried by slaves of West African origin. However, given the large European (AE1 and AE2) components in the mountain strains, it is probable that most of the AA1 is derived from strains acquired from the Spanish following their 15th century conquest of the Americas. Falush et al. documented a mean of ∼17% AA1 in 37 Spanish strains (23) .
In Latin America, some strains from isolated indigenous populations are uniquely Amerindian, with affinities to East Asian In contrast, we showed in the coastal population a high correlation of human African ancestry with AA1, consistent with vertical/familial transmission.
Because our current approach used matched samples and examined admixture, we were able to assess how coevolution may have affected gastric disease. We previously characterized the ancestry of H. pylori strains in these communities, using phylogenetic reconstruction without analysis of admixture (34) . However, disregarding admixture in the H. pylori isolates represents an oversimplification, as would denoting human residents of these admixed communities as only African or only Amerindian. Conventional strain typing would have missed the AA1 ancestry in H. pylori from the mountains that, in our analyses, was critical evidence in detecting an interaction. Remarkably, the interaction effect between Amerindian host ancestry and AA1 was about five times larger than the effect of cagA (β = 5.08 vs. 0.98). We included cagA status in our analysis, because it is a known H. pylori virulence factor associated with a higher risk of severe gastritis and both premalignant and malignant lesions (28, 29, 35) ; cagA previously has been shown to differ in prevalence in the two locales, with higher prevalence in the mountains (22) . We were able to replicate this difference and also demonstrate that cagA alone could not account for the difference in risk of premalignant lesions between populations, whereas the interaction between host ancestry and H. pylori ancestry did account for these differences, whether cagA was included in the model or not. The presence of a cagA gene, however, does not necessarily provide information about CagA functionality, which is dependent on many factors that were not assessed in the present study (36, 37) . In contrast to cagA, which was a risk factor for premalignant histopathology independent of all other variables, geographic location and human ancestry did not independently predict disease outcome in a generalized multivariate mixed linear model with the interaction included.
We conclude that both human and H. pylori genetics influence susceptibility and pathogenicity but depend strongly on context. The effect of human ancestry on histopathology depends on the ancestry of the infecting H. pylori strain, and vice versa. Our data satisfy conditions essential to support a coevolutionary model (38) in which a phenotypic outcome must be the result of an interspecific genotype-by-genotype interaction, with the genotypes reflecting adaptive changes rather than random processes or genetic drift. H. pylori variation is known to mirror human migration patterns (23) (24) (25) 39) , but this association alone does not demonstrate coevolution. We have shown that interactions between human and H. pylori ancestral clusters can confound the effects of each on prediction of histopathology scores; this result is evidence not only of parallel evolution but also of a functional relationship between the two genomes. Because our analyses demonstrated that area of residence could be ruled out as a factor when genetic ancestry was included in the model, the key variables influencing disease risk are likely to be genomic patterns of variation in both host and pathogen, interacting to predict clinical phenotype.
Our findings indicate that information about H. pylori admixture, particularly in the context of human ancestry, can have significant clinical implications, as has been anticipated by Falush et al. (23) . For example, based on our current data, a patient at the 95th percentile of Amerindian ancestry (82.6%) has a vastly different risk profile depending on the percentage of AA1 in the infecting H. pylori strain; 73.1% AA1 (95th percentile) predicts a histopathology score of 4.8 [95% confidence interval (CI), 3.5-6.1], whereas 5.6% AA1 (fifth percentile) predicts a histopathology score of 3.1 (95% CI 2.6-3.6). In contrast, a patient at the fifth percentile of Amerindian ancestry (10.5%) harboring H. pylori with 73.1% AA1 will present with a histopathology score of only 2.4 (95% CI 2.0-2.8), according to our model. These results may be relevant to the "African Enigma," i.e., the relatively low incidence of gastric cancer in Africa despite the high prevalence of H. pylori infection (3, 22, 40) . Host and pathogen genomic variation are more predictive of histopathology when analyzed together than either one is alone and can be used to inform prevention efforts to eradicate H. pylori in those at greatest risk. In summary, coevolutionary relationships are important determinants of gastric disease, and the disruption of these relationships and subsequent adverse health outcomes may reflect a continued legacy of European colonization.
Materials and Methods
Study Participants. Men and women were recruited from two locations in the State of Nariño, Colombia: from Tumaco, on the Pacific coast (n = 151, 72 males) and Tuquerres, in the Andes Mountains (n = 141, 66 males). Ages ranged from 18 to 65 y (mean 40.7 ± 11.8). Inclusion criteria were presentation with dyspeptic symptoms meriting upper gastrointestinal tract endoscopy. Patients treated with proton pump inhibitors, H 2 -receptor antagonists, or antimicrobials in the month before the endoscopy were excluded from this study. Also excluded were patients with chronic conditions such as diabetes, heart disease, or a prior gastrectomy. Informed consent was obtained from all participants. The ethics committees of the participating hospitals and the Universidad del Valle in Cali, Colombia and the Institutional Review Board of Vanderbilt University approved all study protocols.
Histopathology. Gastric mucosa biopsy samples were taken from all participants from the gastric antrum (greater curvature, within 3 cm of the pylorus), incisura angularis (lesser curvature), and corpus (middle anterior wall) for histopathology. One additional antral biopsy from each participant was frozen in glycerol/thioglycolate for subsequent culturing of H. pylori organisms. All endoscopies were performed by a single experienced gastroenterologist. Frozen biopsies were shipped on dry ice to Vanderbilt University in Nashville, TN and stored at −80°C.
One biopsy from each of the three gastric sites was fixed in buffered formalin and embedded in paraffin for histopathology. After staining with H&E, samples from individuals 40 y or older (77 from Tumaco; 49 from Tuquerres) were evaluated independently by two pathologists blinded to information about sample provenance. Diagnostic categories were based on the updated Sydney system for gastritis (41) and the Padova International Classification for Dysplasia (42) . Cases with discordant diagnoses were reviewed until a consensus was reached. Ordinal values of 1-6 were assigned as follows: 1 = normal, 2 = nonatrophic gastritis, 3 = multifocal atrophic gastritis without intestinal metaplasia (MAG), 4 = intestinal metaplasia (IM), 5 = dysplasia, and 6 = carcinoma. Morphological differences within these categorical diagnoses also have been shown to be associated with gastric cancer risk (43) (44) (45) . Therefore, a more detailed scoring system was implemented to take such differences into account. Within the category of MAG, the presence of indefinite (borderline) atrophy raised the score to 3.25, mild atrophy to 3.5, moderate atrophy to 3.75, and severe atrophy to 4.0 (46) . The IM scores were augmented in two ways. First, the extent of the biopsy section exhibiting IM was assessed as <30%, between 30% and 60%, or >60% and was given a corresponding value of 0.2, 0.4, or 0.6, respectively. The second adjustment was based on the IM type and was ascertained via special staining with periodic acid Schiff/Alcian blue and high iron diamine/Alcian blue, as previously described, when needed (46) . Complete IM, mixed predominant complete IM, mixed predominant incomplete IM, and incomplete IM were assigned values of 0.1, 0.2, 0.3, and 0.4, respectively. The two sets of measures were added to create a final IM score ranging from 4.3 to 5.0. Scores for dysplasia were refined by assigning a score of 5.25 for the category indefinite for dysplasia, 5.5 for low-grade dysplasia, and 5.75 for high-grade dysplasia. The detailed histopathology scoring system was used for statistical analyses, except where otherwise noted.
H. pylori Culture, Genotyping, and Multilocus Sequence Typing. H. pylori were cultured from antral biopsies as previously described (34) . Bacterial pellets grown from single colonies of H. pylori (one per subject, except for 13 Tumaco residents from whom two distinct strains per person were identified) were digested with proteinase K, and DNA was isolated by phenol/ chloroform extraction and ethanol precipitation. Each strain was subjected to multilocus sequence typing (MLST) analysis (see below) and tested for the presence of cagA as previously described (47) .
Characterizing H. pylori Ancestry. For 288 strains, fragments of seven unlinked housekeeping genes (atpA, efp, ureI, ppa, mutY, trpC, and yphC), ranging from 398 to 627 bp per gene for a total of 3,406 bp, were PCR-amplified and sequenced on both strands for all samples, as previously described (34) . On the basis of differences in allele frequency in these core genes, previous studies (23, 24) have used the Bayesian algorithm STRUCTURE (48, 49) to assign H. pylori isolates from multiple geographic sites to one of seven distinct populations (hpAfrica1, hpAfrica2, hpEurope, hpEAsia, hpNEAfrica, hpAsia2, or hpSahul). A set of 712 sequences used in these previous studies was retrieved from an MLST database (http://pubmlst.org/helicobacter), encompassing all seven global populations, including known subsets of hpAfrica1 (hspWAfrica and hspSAfrica) and hpEAsia (hspEAsia, hspMaori, and hspAmerind). After alignment with the Colombian sequences (n = 288), preliminary runs of STRUCTURE (version 2.3) demonstrated that the two highly isolated groups, hpAfrica2 and hpSahul, showed no evidence of ancestral overlap with the Colombian strains. Consequently hpAfrica2 and hpSahul sequences were dropped from the analysis, yielding a final dataset of 1,477 polymorphic sites derived from the 638 remaining MLST database sequences, 156 sequences from Tumaco, and 132 from Tuquerres.
The Admixture model of STRUCTURE assigns proportions of ancestry to each individual sample across K inferred ancestral clusters. The Linkage option of this model takes the chromosomal position of polymorphisms into account, incorporating into ancestry estimates the linkage disequilibrium that is expected after population admixture. Previous studies have used this model to characterize six ancestral clusters in globally distributed H. pylori isolates: AA1, AEA, AE1, AE2, and also two clusters, AA2 from hpAfrica2 samples and an isolated cluster from hpSahul samples, which are rare or nonexistent in Colombian samples (ref. 23 and Fig. S2 ). Our analyses with K = 4 maximized the model probability and generated the highest consistency of clustering by assigning fractions to AA1, AEA, AE1, or AE2 in all samples (Fig. S3) . Graphical displays of population structure were created using DISTRUCT (50) .
Characterizing Human Ancestry of Participants. Human DNA from 242 study participants (122 from Tumaco and 120 from Tuquerres) was extracted from blood samples using Puregene kits (Qiagen). DNA was genotyped using the Immunochip (51), a platform that contains 196,524 SNPs from most of the genes known to be involved in immune disorders at the time of its design. To enrich for SNPs in linkage equilibrium, SNPs in linkage disequilibrium (LD) were removed using PLINK (r 2 threshold >0.1) (52). Preliminary analyses with STRUCTURE (Admixture model) revealed that the model probability was maximized at K = 3, with the distribution of the three inferred ancestral groups matching the expected proportions of European, African, and Amerindian ancestry at both locations (53, 54) . To validate these results and to refine ancestry estimates, the following reference populations were merged with existing data, using the PLINK toolset: all nonrelated individuals from the European (CEU) and African (YRI) HapMap populations (Phase 2, release 23) taken from files hosted on the PLINK website (55); the Iberian Spanish (IBS) population from the 1000 Genomes Project (56) ; and the H952 subset of the Karitania, Surui, and Colombian populations in the Human Genome Diversity Project (57, 58) . The final dataset contained 5,947 SNPs and 514 individuals. The Admixture model of STRUCTURE (assuming correlated allele frequencies) was run 10 times (50,000 iterations after a burn-in of 50,000 iterations) under default settings and was supervised by reference population information. CLUMPP was used to collate replicate runs and calculate means of individual ancestry (59) . A complementary PCA of human ancestry was performed using the R program SNPRelate (60) . Before PCA, the merged set of genotype data from the Colombian and YRI, CEU, and East Asian (CHB + JPT) founder populations was reduced to 30,735 SNPs using an LD threshold of 0.5 in the R environment using SNPRelate.
Statistical Analysis. Descriptive statistics of ancestry were calculated for 242 human subjects and 288 Colombian H. pylori strains (from 275 subjects). Of these, 233 overlapped and were used to compute pairwise Pearson correlations between human ancestry (African, European, Amerindian) and H. pylori ancestry (AA1, AEA, AE1, AE2). Spearman ρ also was calculated to validate the Pearson correlations, because Shapiro-Wilk tests revealed lack of normality among some ancestries. Regression analyses assessing the dependence of histopathology on human and H. pylori ancestry are based on data for individuals age 40 y and over (n = 121). Because five of the individuals (all from the coast) contributed two strains each to the analysis, mixed linear models were implemented. Ordinal regression, a nonparametric approach, was used on discrete histopathology scores to determine if the likelihood of categorical increases in scores varied significantly with ancestry proportions, with the assumption of proportional odds tested using Brant's test. A stepwise multivariate mixed linear model was built to assess whether human and H. pylori ancestry, their interaction, and cagA status could account for the known association between histopathology and area of residence. Residuals were tested for normality using the Shapiro-Wilk test. STATA 11 (StataCorp LP) was used for all analyses.
